We present a detailed investigation of the gross •2C and 13C exchanges between the atmosphere and biosphere and their influence on the 6•3C variations in the atmosphere. The photosynthetic discrimination A against •3C is derived from a biophysical model coupled to a general circulation model [Sellers et al., 1996a], where stomatal conductance and carbon assimilation are determined simultaneously with the ambient climate. The 6•3C of the respired carbon is calculated by a biogeochemical model [Potter et al., 1993; Randerson et al., 1996] as the sum of the contributions from compartments with varying ages. The global flux-weighted mean photosynthetic discrimination is 12-16%0, which is lower than previous estimates. Factors that lower the discrimination are reduced stomatal conductance and C4 photosynthesis. The decreasing atmospheric 6•3C causes an isotopic disequilibrium between the outgoing and incoming fluxes; the disequilibrium is •0.33% o for 1988. The disequilibrium is higher than previous estimates because it accounts for the lifetime of trees and for the ages rather than turnover times of the biospheric pools. The atmospheric 6•3C signature resulting from the biospheric fluxes is investigated using a three-dimensional atmospheric tracer model. The isotopic disequilibrium alone produces a hemispheric difference of •0.02% o in atmospheric •13C, comparable to the signal from a hypothetical carbon sink of 0.5 Gt C yr -• into the midlatitude northern hemisphere biosphere. However, the rectifier effect, due to the seasonal covariation of CO2 fluxes and height of the atmospheric boundary layer, yields a background 6•3C gradient of the opposite sign. These effects nearly cancel thus favoring a stronger net biospheric uptake than without the background CO2 gradient. Our analysis of the globally averaged carbon budget for the decade of the 1980s indicates that the biospheric uptake of fossil fuel CO2 is likely to be greater than the oceanic uptake; the relative proportions of the sinks cannot be uniquely determined using •2C and •3C alone. The land-ocean sink partitioning requires, in addition, information about the land use source, isotopic disequilibrium associated with gross oceanic exchanges, as well as the fractions of C3 and C4 vegetation involved in the biospheric uptake. the modeled values at the same sites if all the fossil fuel and land use CO2 remained airborne. The solid curves are the polynomial curve fits to the observed data, and the dotteddashed curves are the polynomial curve fits to the modeled fossil fuel and land use contributions. The differences between the modeled and observed curves must be matched by the combined biospheric and oceanic gross and net fluxes. has a <5:3C of-24 to -28%0 [Andres et al., 1996], typical of the plant material from which fossil fuels are derived. The anthropogenic emissions, if all airborne, would produce an atmospheric <5:3C gradient that mirrors the CO2 gradient, with isotopic ratios 0.3%o lower in the northern than in the southern hemisphere (Figure lb). This compares with the observed gradient of-0.2%o [Keeling et al., 1989b; Ciais et al., 1995a; Trolier et al., 1996]. Retrieving information about carbon sources and sinks from the atmospheric CO: gradients requires ancillary data. Tans et al. [ 1990] did not have access to <5:3C information at the time and used a compilation of available marine pCO2 measurements in their atmospheric tracer transport model calculation. They inferred that midlatitude northern hemisphere land surface may have acted as a significant sink for anthropogenic CO2. Keeling et al. [1989a] used their own <5:3C measurements in their atmospheric tracer model and deduced for the early 1980s an oceanic sink that has approximately the same magnitude as the terrestrial sink. Ciais et al. [ 1995a,b] combined the atmospheric <5:3C data for 1992-1993 with the oceanic pCO2 and <5:3C measurements in their two-dimensional atmospheric transport model and deduced that the northern middle-to-high-latitude terrestrial biosphere was a sink as large as 3.5 Gt C yr -: for those 2 years. Sinks of this magnitude may, however, be unusual, because these 2 years had significant climatic perturbation. When the atmospheric <5:3C variations are used to constrain the estimates of land-sea partitioning of the anthropogenic CO2 sink, additional information or assumptions are required to specify fractionarian coefficients associated with each COeflux into and out of the atmosphere [Tans, 1980; Fung, 1993; Tans et al., 1993]. Our relative ignorance about the isotopic fractionarian by the gross fluxes remains a major uncertainty in the application of the atmospheric <5:3C variations to the carbon budget. An appreciation for how accurately one needs to know the isotopic coefficients can be obtained from examining Figure 1. After the signatures of fossil fuel burning and deforestation have been subtracted out, the atmospheric <5:3C north-south gradient to be explained by the combined effects of gross and net biospheric and oceanic exchanges is only •,,0.1% o. A hypothetical sink of 1 Gt C yr-: into the northern middle-or high-latitude terrestrial biosphere would yield, in the tracer model used in this study (described below), an atmospheric CO2 gradient of 0.5-1.0 ppmv and an atmospheric <5:3C gradient of •,,0.05% o. This sets the "accuracy" criterion for estimating the gradient due to the background biosphere and ocean. The uncertainties in the residual <5:3C profiles (after the effects of gross biospheric and oceanic exchanges have been subtracted from the observed atmospheric gradients) must be less than 0.02%o if we are to determine the net biospheric sink to 4-0.5 Gt C yr-:. In this paper, we present a detailed examination of the factors important for determining the atmospheric :3C signatures associated with gross biospheric exchanges and the ........... -0.020 l.. -0.006 A J 0 J A J O J A J 0 MONTH MONTH MONTI-I Heimann, M., and C.D. Keeling, A three-dimensional model of atmospheric CO2 transport based on observed winds, 2, Model description and simulated tracer experiments, in Aspects of Climate Variability in the Pacific and the Western Americas, Geophys. Monogr. Ser., vol. 55, edited by D.H. Peterson, pp. 237-275, AGU, Wahsington, D.C., 1989. Heimann, M., and E. Maier-Reimer, On the relations between the oceanic uptake of CO2 and its carbon isotopes, Global Biogeochem. Cycles, 10, 89-110, 1996. 532 FUNG ET AL.: CARBON 13 EXCHANGES BETWEEN THE ATMOSPHERE AND BIOSPHERE Inoue, H., and Y. Sugimura, Carbon isotopic fractionation during the exchange process between air and sea water under equilibrium and kinetic conditions, Geochem. Cosmochim.,
Introduction
Since the beginning of the industrial era, the combustion of fossil fuels has released a total of •250 Gt (1 Gt --1012 kg) of carbon into the atmosphere. Over the same period, land use modification in the middle latitudes, and more recently in the tropics, has released another • 100 Gt C. The • 150 Gt C increase in CO2 in the atmosphere, from •280 parts per million by volume (ppmv) in 1800 to 351 ppmv in 1988, is equivalent to •60% of the fossil fuel release or •40% of the total anthropogenic CO2 source. Balancing the carbon budget requires both the oceans and terrestrial biosphere to have acted as repositories, or sinks, for the anthropogenic CO2. Direct measurements of CO2 reservoir sizes and of CO2 fluxes into and out of the oceans and terrestrial biosphere are sparse, and the methodologies for extrapolating laboratory or site measurements to the globe are under considerable debate. Hence estimates of the global strengths of the terrestrial and oceanic sinks have not been established with certainty.
CO2 is nearly but not completely mixed in the atmosphere. The mixing time of CO2 and other inert trace gases in the atmosphere is about 3 months within a hemisphere and about 1 year between the hemispheres. Therefore information about broad patterns of CO2 exchanges between the atmosphere and different carbon reservoirs can be extracted from the geographic and temporal variations of carbon dioxide in the atmosphere with the aid of atmospheric transport models [e.g., Keeling et al., 1989a; Tans et al., 1990; Enting et al., 1993 Enting et al., , 1995 Ciais et al., 1995a,b] . Over 90% of the fossil fuel emission is from the northern hemisphere, and most of the emission from land use modification is from the tropics. If all the anthropogenic CO2 remained airborne, this would yield a hemispheric gradient that is larger than that observed (Figure 1) . Fossil fuel CO2 uncertainties contained therein. This is a necessary first step to quantify how much information about the biospheric sink is contained in the atmospheric l aC measurements. We do not carry out a deconvolution of the contemporary carbon budget since we are lacking a parallel examination of gross oceanic exchanges.
We estimate the •laC of the CO2 absorbed and released during photosynthesis and respiration from the results of two biospheric process models. The models are simple biosphere scheme ( [Fung et al., 1983 [Fung et al., , 1987 [Fung et al., , 1991 Tans et al., 1990] to estimate the sensitivity of the atmospheric •laC signatures to different formulations of the gross biospheric •3C exchanges. The implications of our findings on the global carbon budget are discussed. We conclude with suggestions of measurements that may improve our use of 8•3C to characterize and quantify the anthropogenic CO2 sink.
The commonly used symbols are indicated in the notation list. Fluxes are defined positive into the atmosphere, with Fij denoting fluxes from reservoir i to reservoir j. We use two subscripts, A and a, to denote the atmosphere. The subscript A refers to the total atmospheric signature resulting from all sources and sinks, whereas the subscript a refers to the atmospheric signature resulting from exchanges with a particular reservoir. CA is the total carbon inventory in the atmosphere, derived from the atmospheric observations. We also use two time variables to separate the important timescales: the long-term variations t and seasonal variations t•.
Observed Atmospheric •3C Variations
Since 1991, high-precision measurements of 
The Modeling Framework
In this study we focus on the atmospheric CO2 and •13C signatures of the exchanges with the terrestrial biosphere and use the following equations as a framework for our analysis:
(Co)+ T(Co) -Fop + Fbo (la)
Ot 0 37(a) + -x + -x (lb) In equations (la) and (lb), T is the atmospheric transport operator, which has zero contribution when integrated over the entire global atmosphere. The subscript p denotes the photosynthetic product, while b denotes the detrital and soil pools. We use Fop rather than Fob to denote the photosynthetic flux to emphasize that different carbon pools and different fractionation processes are involved in photosynthesis and respiration. The t•A on the right hand side of equation (lb) is the atmospheric •laC during photosynthesis. The •laC averaged over the growing season is close to the annual mean. We therefore approximate •A in equation (1 b) by its hemispherically averaged annual-mean value. In this study we assume that autotrophic respiration is proportional to the instantaneous gross primary production (GPP), with the proportionality constant spatially and temporally invariant. We further assume that CO2 respired by autotrophs is of recent origin and carries the isotopic signature of the recently formed plant material. In this way, Fop in equations (la) and (lb) is given by the net primary production (NPP), the difference between GPP and autotrophic respiration, and F•o is the CO2 release due to heterotrophic respiration. While these assumptions about autotrophic respiration are mathematically convenient and commonly employed in studies of the global carbon cycle [e.g., Heimann and Keeling, 1989], there is little theory or data to support or contradict them.
To focus on the perturbation in the exchanges in the recent decades, we first assume an equilibrium in the preindustrial era with a balance in both gross •2C and •3C fluxes into and out of the biosphere. Let q be any variable. The symbol • will denote flux-weighted averaging over seasonal variations in q, while • will denote the long-term flux-weighted average ofq.
In the preindustrial equilibrium, it follows from equations (la) and (lb) that at each location (x, y) / /m Fap(ts, t)dtsdt --fy /m Foa(ts, t)dtsdt (2) 05 05
5b = fy fmo• Fba(ts, t)5b(t•, t)dt•dt fy f•o• F•a(t•, t)dt•dt fy f•o• Fap(t•, t)[SA (t•, t) --A(t•, t)]dt•dt fy f•o• F•p(t•, t)dt•dt
There are two noteworthy points about equations (2) with the modern 5n value, whereas respiration delivers "old" carbon, whose 5•3C value depends on how long the carbon has been away from the atmosphere. There is thus an isotopic disequilibrium between incoming and outgoing fluxes [Fung, 1993; Tans et al., 1993; Ciais et al., 1995a,b; Francey et al., 1995] . This is illustrated schematically in Figure 2 . In the following sections, we describe the modeling of A and isotopic disequilibrium and evaluate their consequences on the atmospheric (5 • 3 C.
Photosynthesis
CO2 from the atmosphere is processed in several steps before it is incorporated into plant material (Figure 3) . Briefly, the steps include gaseous diffusion across the laminar boundary layer to the surface of the leaf and across the stomatal opening into the intercellular air spaces of the leaf. CO2 then dissolves in the aqueous phase and diffuses across the cell wall and cellular membranes to the chloroplasts. In the chloroplasts, CO2 is chemically combined with an acceptor molecule in an enzyme catalyzed carboxylation reaction. Different carboxylation reactions occur in Ca and C4 species. Fractionation against 13CO 2 occurs in all steps that transfer CO2 from the atmosphere to the chloroplast and in the carboxylation reactions. These discrimination factors are known from experiments with model systems (for reviews see O'Leary [ 1981, 1989] and Farquhar et al. [ 1989] ). The net discrimination associated with the sequence of steps that occurs in photosynthesis, A, is a "weighted sum" of the discrimination associated with the individual steps in the sequence. For example, Farquhar et al. [1982] showed that two steps, gaseous diffusion and carboxylation, combined as A = a + (b-a)pi/Pa (4)
where pi and Pa are the partial pressures of CO2 in the intercellular air spaces of the leaf and in the ambient atmosphere, respectively, a is the intrinsic discrimination in gaseous diffusion (4.4%o), and b is that associated with the biochemical fixation of CO2 (27.5 and 3 to 6% ofor Ca and C4 plants, re-spectively). This equation has been widely used to interpret carbon isotope discrimination in photosynthesis. However, it should be noted that this is an approximation since several steps (diffusion in the boundary layer, dissolution of CO2 in water, and diffusion in the aqueous phase) are ignored in equation ( To do this, they make some adjustments to the climatic variables to approximate the microclimate of a leaf during photosynthesis, and they assume that weighted average discrimination over a month is the same as discrimination under an environmental condition they select as representative of that month. The global maps of annual integrated discrimination produced by Lloyd and Farquhar [ 1994] are plausible, and their predicted discrimination predicts the 6•aC of plant biomass in several calibration sites reasonably well. However, their approach has limited scope for studies of the annual cycle and interannual variation. In this study, we have opted to take an alternative approach that permits calculation of A,• and A in an atmospheric general circulation model. This has lower spatial resolution than the approach taken by Lloyd and Farquhar, but since photosynthesis and Pi/Pa are calculated at each time step (0.1 hour) of the model, the time resolution is appropriate to capture most of the variation in A.
The approach we use to model photosynthesis in this study follows from the work of Farquhar et al. [ 1980] , who express the CO2 assimilation rate A,• as proportional to the CO2 partial pressure gradient across the stomata: 
Respiration
With photosynthesis, the stomata are the sole entry points for atmospheric CO2. With respiration, CO2 is released from all components of the ecosystem. To model respiration, it is often convenient to divide the biosphere into compartments (e.g., leaves, roots, trunk, and soil organic matter), each characterized by its function, chemical composition, lifetime, or I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  t  I  t  I Table la for the different pools of the different ecosystems, while the seasonally varying fk(z,y, ts) are shown in Figure 7 for several locations. For the tropical forest, the "slow" pool dominates and accounts for ,--, 30% of the total respired flux through the year. The total flux comprises ,-,8 and 15% from the surface and soil microbial pools, respectively; 10% each from the surface and soil metabolic pools; and 6.6 and 6.3% from the surface and soil structural pools, respectively. The remainder of the fluxes are mainly from the woody litter pool (13%) and the passive pool (0.25%). Even though the seasonal variations of the respiratory flux of CO2 from tropical forests are small, there is a larger fraction of CO2 from the Turnover times (TOT) and ages are in years.
The nine biospheric pools in CASA are the surface and soil metabolic pools (srfmet, soilmet), surface and soil structural pools (srfstr, soilstr), surface and soil microbial pools (srfmic, soilmic), the woody (wood), slow and armored (arm) pools. BETWEEN THE ATMOSPHERE AND BIOSPHERE 
We start the age calculation with the turnover times of live biomass derived from the Frankfurt Biosphere Model [Ladeke et al., 1994] . Turnover times of live leaves and roots range between 1 (in deciduous regions) and 8 years (in boreal forest), while those of live wood range between 0 (in grasslands) and 60 years (in temperate deciduous and evergreen forests). The turnover times of the live leaves and roots are treated as the initial ages of the surface metabolic and structural pools, and those of live wood are treated as the initial ages of the woody litter pools. We then followed, in CASA, the carbon from the litter pools to the other soil pools and computed the resultant age of each compartment as a uniform mixture after accounting for the incoming and outgoing fluxes. The seasonal range of the respired 613C, as modeled by CASA, is _<0.3%0 everywhere (not shown) and is smaller by factors of 10 to > 50 than the seasonal range in A. This is because the seasonal range of the respired 613C is bounded by the maximum age of the respired CO2 and the recent trend in atmospheric 6A. For most vegetation, the surface and soil metabolic pools and microbial pools together dontribute ,-•75% of the total respired CO2 (compare Table la ). Consider the following typical values. Let the contributions by the metabolic litter and microbial pools be 60 and 15%, respectively, in the winter and 25 and 50%, respectively, in the summer. The remaining pools would thus contribute a constant 25% of the total respiration throughout the year. If we take the ages of the metabolic and microbials pools to be 1 year and 30 years, respectively, then the seasonal part of the respired CO2 has an age of 5. 1 years (= .60x 1+.15 x 30) in the winter and 15.25 years (= .25 x 1 + .50 x 30) in the summer. With an observed 5A trend of-0.02%0 yr -i, a seasonal age difference of 10 years translates into a 51aC range of 0.2%o.
Variations in the Isotopic Disequilibrium
The decreasing trend in atmospheric •A implies an isotopic disequilibrium between the photosynthetic and respiratory fluxes even though the total CO2 fluxes are balanced in the annual mean. It is convenient to rewrite equation ( 
V•(x,y,t,,t) 5•(x,y,t,,t) -5A(t,,t) + A(x,y,t,) -A(x, y) + A(x, y, t,) +[SA(t,,t-rage(x,y,t,)) -5A(t,,t)]
and in the annual mean V •(x, y, t) --5A (t --rage(X, y, t) ) --5A (t)
We calculated the ............. ' ........... ' ............  ,..•..  ..... .... ., ,...,..., ................................................ rainforest (90øW, 14øN), (b) short vegetation, C4 grassland (100øW,  30øN), (c) Ca grassland (95øW, 46øN), (d) tundra (100øW, 62øN), (e) deciduous forest (100øE, 70øN) , field site (105øW, 53øN) . 
and (f) boreas

The significance of the Db distribution on atmospheric 8•3C
is explored below. (18) (x, y, ts)  CASA (x, y, t Figures 9a,b) . In example 1 (Figures 9c,d) Example 3 (Figures 9g,h) :.::...•. .-;-..  ---•.:•:.. :.:............•:• 
The seasonal variations of/)b(a:, g/, t•, t) (not shown) reflect mainly the seasonality of A(a:, g/, t•) (compare equation
Implications for the Contemporary Carbon Budget
In this paper, two dynamic carbon models, SiB2-GCM and CASA, were employed to determine the geographic and seasonal variations of A, photosynthetic discrimination, and •Db, the isotopic disequilibrium between the fixed and respired carbon. The global flux-weighted A is between 12 to 13 and 15.7%o, and the global, flux-weighted •Db is 0.33%0 for 1988. The /)b for no-tree vegetation is 0.2%0 for 1988. Rough estimates of the terms are summarized in Table 3 .
The upper limit of A includes a middle
The utility of 13C as a discriminator between biospheric and oceanic exchanges stems from the larger fractionation during terrestrial photosynthesis than during air-to-sea transfer of carbon: the term A multiplying the net biospheric sink, N•, is ,-•10 times larger than the term 6ao multiplying the missing oceanic sink, No, in equation (21). However, the use of equation ( and --,27%0. We also note that 6DEF-6A associated with land use modification is not likely to equal A associated with the net biospheric uptake, as different vegetation groups may ' ' •,.',•9' ø ........... • ....... "<' •1 ....... (a) .............  ,'"';, , ,-,-...... . ... , .......... ............ , ... About ,-•85% in the former and 100% in the latter example of terrestrial uptake would be in Ca regions. A large background ;Do and/or ;Do leaves a large atmospheric signature and needs to be accompanied by C4 uptake with less photosynthetic discrimination than Ca uptake. It is premature to estimate the geographic distribution of the net biospheric sinks without a parallel treatment of the geographically varying •5, signal due to gross oceanic fluxes.
Implication for Measurement Strategy and Data Acquisition
In this paper, we combined detailed models of the •3C:•2C fractionation associated with photosynthesis and respiration to investigate the geographic and temporal variations of in the terrestrial biosphere and the atmosphere. Our findings from the atmospheric transport experiments are summarized in Table 4 . Because of the long memory of soil carbon, unravelling the information contained in present-day at-mospheric •513C variations requires understanding of the dynamics of the biosphere on decadal to centennial time scales.
The simulated •3C distributions and the application to the contemporary carbon budget are sensitive to the many assumptions necessitated by the lack of detailed atmospheric and biospheric observations that could constrain the calculations. In the following, we suggest measurements that can help cross-check the results and/or improve the treatment of important processes in the models.
1 [1993] to include 5•aC. 
The present-day value of A necessary for deconvolving the global carbon budget is determined by the relative contributions of Ca and C4 plants to the biospheric uptake.
Concentrating the biospheric sink in
A major determining parameter for the carbon budget is the annual-mean flux-weighted Db. A long-term measurement program is needed to establish temporal variations
The respired 6b integrated over all the biospheric pools
is dependent on fk, the fraction of the respired flux from each pool. Our study shows the importance of the microbial and woody pools. It is very difficult to separate the contributions from the different pools in the total CO2 measurement. However, the small seasonal variations in the respired 6•C will provide a cross-check, albeit not a very stringent one, on the product .fk 6b,•. Also, measurements of seasonal variations in the •4C:•C ratio of the respired CO2 will provide additional constraints on f•. A factor ignored in the calculations in this study is root respiration, which may be constrained by simultaneous measurements of the fluxes of •2C, •3C and •4C from the soils [Trumbore et al., 1995]. 6. We have assumed that the functioning of the biosphere has not changed with a 25% increase in atmospheric CO2 since the preindustrial era. In particular, we have assumed that A(z, y, t,, t), f•(z, y, t,, t) , and therefore allo- 
